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We recently demonstrated that polychlorinated biphenyl (PCB)
congeners withmultiple ortho chlorine substitutions sensitize ryan-
odine receptors (RyRs), and this activity promotes Ca2+-dependent
dendritic growth in cultured neurons. Many ortho-substituted con-
geners display axial chirality, and we previously reported that
the chiral congener PCB 136 (2,2′,3,3′,6,6′-hexachlorobiphenyl) at-
ropselectively sensitizes RyRs. Here, we test the hypothesis that
PCB 136 atropisomers differentially alter dendritic growth and
other parameters of neuronal connectivity influenced by RyR ac-
tivity. (−)-PCB 136, which potently sensitizes RyRs, enhances den-
dritic growth in primary cultures of rat hippocampal neurons,
whereas (+)-PCB 136, which lacks RyR activity, has no effect on
dendritic growth. The dendrite-promoting activity of (−)-PCB 136
is observed at concentrations ranging from 0.1 to 100nM and is
blocked by pharmacologic RyR antagonism. Neither atropisomer
alters axonal growth or cell viability. Quantification of PCB 136
atropisomers in hippocampal cultures indicates that atropselective
effects on dendritic growth are not due to differential partitioning
of atropisomers into cultured cells. Imaging of hippocampal neu-
rons loaded with Ca2+-sensitive dye demonstrates that (−)-PCB
136 but not (+)-PCB 136 increases the frequency of spontaneous
Ca2+ oscillations. Similarly, (−)-PCB 136 but not (+)-PCB 136 in-
creases the activity of hippocampal neurons plated on microelec-
trode arrays. These data support the hypothesis that atropselective
effects on RyR activity translate into atropselective effects of PCB
136 atropisomers on neuronal connectivity, and suggest that the
variable atropisomeric enrichment of chiral PCBs observed in the
human population may be a significant determinant of individual
susceptibility for adverse neurodevelopmental outcomes following
PCB exposure.
Key Words: atropselectivity, chirality, dendritic growth, devel-
opmental neurotoxicity, neuronal connectivity, polychlorinated
biphenyls, ryanodine receptor.
Disclaimer: The content is solely the responsibility of the authors and does
not necessarily represent the official views of the NIEHS or NIH.
Polychlorinated biphenyls (PCBs) have been identified as
probable environmental risk factors for neurodevelopmental
disorders (Landrigan et al., 2012; Stamou et al., 2013;Winneke,
2011). This conclusion is based in large part on epidemiologi-
cal data demonstrating a negative association between devel-
opmental exposure to PCBs and measures of neuropsycholog-
ical function in infancy or childhood (Boucher et al., 2009;
Carpenter, 2006; Korrick and Sagiv, 2008; Schantz et al., 2003;
Winneke, 2011). But it also derives from studies demonstrat-
ing that despite a ban on their production in 1977, PCBs per-
sist at high concentrations in the environment and in animal and
human tissues (Lehmler et al., 2010; Marek et al., 2013). Re-
cent reports from the United States confirm widespread expo-
sure to PCBs amongwomen of childbearing age (Thompson and
Boekelheide, 2013) and document levels of PCBs in the indoor
air of elementary schools that exceed the United State Environ-
mental Protection Agency (USEPA) 2009 public health guide-
lines (Thomas et al., 2012). Current PCB exposures are likely
due to secondary sources of legacy PCBs, e.g., release from
building materials such as caulking and paint (Jamshidi et al.,
2007; Thomas et al., 2012) or volatilization from large bodies
of water such as the Great Lakes (Hornbuckle et al., 2006), as
well as contemporary unintentional sources, most notably com-
mercial paint pigments (Hu and Hornbuckle, 2010).
Research efforts have historically focused on the toxicity of
dioxin-like PCBs; however, emerging evidence suggests that
non-dioxin-like (NDL) PCBs with multiple ortho chlorine sub-
stitutions are particularly stable and predominate over dioxin-
like congeners in environmental samples (Hwang et al., 2006;
Kostyniak et al., 2005; Martinez and Hornbuckle, 2011) and
in human tissues (DeCaprio et al., 2005; Marek et al., 2013;
Megson et al., 2013; Schantz et al., 2010). NDL PCBs have
been shown to interfere with normal neurodevelopment in vivo
(Kenet et al., 2007; Schantz et al., 1997; Winneke, 2011; Yang
et al., 2009) and to modulate neuronal connectivity via effects
C© The Author 2014. Published by Oxford University Press on behalf of the Society of Toxicology.
All rights reserved. For permissions, please email: journals.permissions@oup.com.
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FIG. 1. Structure of PCB 136 atropisomers.
on dendritic arborization both in vivo and in vitro (Wayman
et al., 2012a,b; Yang et al., 2009). The effects of NDL PCBs on
dendritic growth are mediated by sensitization of ryanodine re-
ceptors (RyRs) (Wayman et al., 2012b), which form Ca2+ chan-
nels that control Ca2+ release from endoplasmic reticulum (ER)
stores (Pessah et al., 2010). RyR activity is implicated in the
regulation of neurodevelopmental processes that are critical de-
terminants of neuronal connectivity (Pessah et al., 2010), and
in primary neuronal cell cultures, RyR sensitization by PCB
95, a NDL PCB congener, triggers a Ca2+-dependent signaling
pathway that links activity to dendritic growth (Wayman et al.,
2012a).
Many RyR-active PCBs possess an axis of chirality about
which the chlorine substituents are held in a spatial arrangement
that is not superimposable on its mirror image (Fig. 1); however,
under physiological conditions, only 19 of these chiral PCBs,
including PCB 136, exist as stable rotational isomers, called at-
ropisomers, and thus can be isolated as purified atropisomers
(Lehmler et al., 2010). These chiral PCBs are present in techni-
cal mixtures as a racemate (a 1:1 mixture of both atropisomers),
but display highly variable atropisomeric enrichment in envi-
ronmental and human samples, likely as a result of atropselec-
tive metabolism by cytochrome P450 enzymes (Warner et al.,
2009; Wu et al., 2011). An emerging question is the toxicologi-
cal relevance of atropisomeric enrichment of chiral PCBs in hu-
man populations. Molecular insight regarding this question was
provided by our previous study demonstrating that PCB 136, a
chiral congener, exhibits atropisomeric specificity toward RyRs
(Pessah et al., 2009). Specifically, (−)-PCB 136 potently sen-
sitizes RyRs, whereas (+)-PCB 136 has no effect on RyR ac-
tivity. The objective of this study was to determine whether the
atropselective interactions of PCB 136 with RyRs translate into
atropselective effects on morphological and functional parame-
ters of neuronal connectivity.
MATERIALS AND METHODS
Separation of PCB 136 atropisomers. The atropisomers of
2,2′,3,3′,6,6′-hexachlorobiphenyl (PCB 136) were obtained as
described previously (Kania-Korwel et al., 2008). The pu-
rity of atropisomers was 99% for (−)-PCB 136 and 100%
for (+)-PCB 136. The preparation of 4-hydroxy-2,2′,3,3′,6,6′-
hexachlorobiphenyl (4-OH PCB 136), 5-hydroxy-2,2′,3,3′,6,6′-
hexachlorobiphenyl (5-OH PCB 136), and 4,5-dimethoxy-
2,2′,3,3′,6,6′-hexachlorobiphenyl (4,5-OH PCB136) has been
published previously (Waller et al., 1999). Analytical PCB stan-
dards were obtained from Accustandard (New Haven, CT).
Animals. Animals were treated humanely and with regard to
alleviation of suffering according to protocols approved by the
Institutional Animal Care and Use Committee of the University
of California, Davis. Timed pregnant Sprague Dawley rats were
purchased from Charles River Laboratories (Hollister, CA) and
housed individually in standard plastic cages with Alpha-Dri
bedding (Shepherd Specialty Papers, Watertown, TN) in a tem-
perature (22± 2◦C) controlled room on a 12 h reverse light-dark
cycle. Food and water were provided ad libitum.
Tissue culture. Primary cultures of dissociated hippocampal
neurons were set up and maintained as previously described
(Wayman et al., 2006). Briefly, hippocampi were dissected
from postnatal day 1 (P1) rat pups, plated at 7.5 × 104 cells
per cm2 onto glass coverslips or tissue culture plastic precoated
with poly-L-lysine (molecular weight 300,000; Sigma, St Louis,
MO) and maintained in Neurobasal A media (Invitrogen, Carls-
bad, CA) supplemented with B27 (Invitrogen), 2mM glutamax
(Invitrogen), and 5M cytosine-D-arabinofuranoside (Sigma).
Half of the medium was replaced with fresh Neurobasal-A con-
taining B27 twice weekly. Unless otherwise noted, PCB expo-
sures were initiated at 7 days in vitro (DIV) by diluting DMSO
stocks of PCB 136 1:1000 (vol/vol) into culture medium. Vehi-
cle control cultures were exposed to DMSO at 1:1000 (vol/vol).
Quantification of neuronal morphology. For studies of
dendritic growth, cultures were transfected at 6 DIV with a
pCAGGS expression vector encoding a microtubule-associated
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PCB 136 ATROPSELECTIVE NEUROTOXICITY 381
protein-2B (MAP2B)-enhanced green fluorescent protein
(eGFP) fusion construct (Wayman et al., 2006) using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. Dr. Gary Wayman (University of Washington,
Pullman, WA) generously provided the MAP2B-eGFP fusion
construct. Transfection efficiency for MAP2B-eGFP was
0.5–5%. At the end of the PCB exposure, cultures were fixed
in fixation buffer (4% paraformaldehyde, 4% sucrose, 60mM
Pipes, 25mM Hepes, 5mM EGTA, 1mMMgCl2, pH7.4) for 20
min at room temperature. Coverslips were mounted on glass
slides and digital images of GFP-positive neurons at ×200
magnification were analyzed using NeuronJ imaging software
(Meijering et al., 2004). Total dendritic length was measured in
at least 30 neurons from three coverslips per treatment group,
and the experiment was repeated at least three times with
cultures prepared from independent dissections.
To quantify the effects of PCB 136 on early stages of ax-
onal growth, hippocampal neurons (3× 104 cells per cm2) were
treated with (−)-PCB 136 or (+)-PCB 136 starting 3 h after plat-
ing, transfected 24 h after plating with a pCAG expression vec-
tor encoding tomato fluorescent protein (TFP) (generously pro-
vided by Dr. Gary Wayman, University of Washington, Pull-
man, WA) using Lipofectamine 2000 and then fixed 48 h after
plating as described above. Axons were visualized by epiflu-
orescence microscopy at ×200 and axonal lengths quantified
using NeuronJ imaging software. Total axonal length was mea-
sured in at least 30 neurons from three coverslips per treatment
group, and the experiment was repeated twice with cultures pre-
pared from independent dissections.
To analyze axonal growth in mature cultures following ex-
posures identical to those used in the dendritic growth assays,
we used Western blotting to quantify the expression of the de-
phosphorylated form of the cytoskeletal protein tau, an axonal
biomarker (Hayashi et al., 2002). Neurons dissociated from P1
rat hippocampi were plated at high density (650 K per well in
6-well plate). At 7 DIV, cultures were treated with vehicle, (−)-
PCB 136 or (+)-PCB 136 at concentrations ranging from 0.1nM
to 1000nM. After 48 h of exposure, cultures were lysed with ice-
cold buffer containing 20mM HEPES (pH 7.4), 150mM NaCl,
1% TritonX-100, 10% glycerol, and 1X complete protease in-
hibitor cocktail (Roche Applied Science, Indianapolis, IN). The
protein concentration of lysates was determined using the BCA
Protein Assay (Pierce, Rockford, IL) and 10 g of each sam-
ple was separated using 12% SDS-PAGE then transferred to
polyvinylidene fluoride (PVDF) membrane. Membranes were
blocked with Odyssey Blocking Buffer (LI-COR, Lincoln, NE)
and then incubated overnight at 4◦C with mouse monoclonal
antibody that recognizes dephosphorylated tau (Millipore, Bil-
lerica, MA) and rabbit anti-GAPDHmonoclonal antibody (Cell
Signaling Technology, Danvers, MA) diluted 1:1000 in Licor
blocking buffer. After washing in phosphate buffered saline
(PBS) containing 0.1% tween-20, membranes were incubated
with goat anti-mouse IgG conjugated to infrared dye (IR)700
(LI-COR) and goat anti-rabbit IgG conjugated to IR800 (LI-
COR) diluted 1:2000 in Odyssey Blocking Buffer for 1.5 h
at room temperature. After extensive rinsing, membranes were
scanned using the Odyssey Infrared Imaging System (LI-COR).
Densitometry values of tau immunopositive bandswere normal-
ized to densitometry values for GAPDH-immunopositive bands
in the same sample and the data presented as the percentage
of the GAPDH-normalized tau densitometry of vehicle controls
from the same experiment. This experiment was replicated three
times using cell lysates obtained from three independent dissec-
tions.
Cytotoxicity assay. Cytotoxicity was assessed using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) and CytoTox-One lactate dehydrogenase (LDH)
release assays available from Promega (Madison, WI) accord-
ing to the manufacturer’s protocol. Each treatment condition
was assayed in 12 wells per treatment and experiments were
repeated using cultures obtained from three independent
dissections.
Analysis of PCB 136 and its hydroxylated metabolites. PCB
136 and its hydroxylated metabolites were extracted from tis-
sue culture plates, cell pellets, and medium using previously
published methods (Kania-Korwel et al., 2010). Briefly, all
samples were first spiked with surrogate recovery standards
(2,3,4,4′,5,6-hexachlorobiphenyl, 500 ng each; cell pellets and
medium also with 4-hydroxy-2,3,3′,4,5,5′-hexachlorobiphenyl,
137 ng each). Tissue culture plates were washed repeatedly with
hexane-MTBE (1:1, vol/vol; 5 ml). Cell pellet and medium
samples were denatured with hydrochloric acid (6M, 1 ml)
and extracted with hexane-MTBE (1:1, vol/vol; 4 ml). Hy-
droxylated PCB 136 metabolites were separated from PCBs by
partitioning with potassium hydroxide as described previously
(Kania-Korwel et al., 2010) and derivatized with diazomethane.
The solvent was exchanged to hexane if appropriate. All sam-
ples were spiked with the internal standard (PCB 30 and PCB
204, 200 ng each) and, if necessary, subjected to a sulfuric acid
clean-up as published earlier (Kania-Korwel et al., 2010). All
extracts were analyzed on an Agilent 6890N gas chromatograph
equipped with a micro electron capture detector. Details regard-
ing the capillary columns, temperature programs, and other in-
strumental parameters used for the conventional and atropselec-
tive analysis of PCB 136 and its metabolites are summarized in
Supplementary Table S1. The average percent of the surrogate
recovery standard recovered from each sample was 107 ± 6%,
91± 18%, and 80± 14% for incubation plates, cell pellets, and
medium samples, and the PCB 136 solution used in the cell cul-
ture experiments, respectively. The detection limit, calculated
based on extraction blanks, was 2 ng for PCB 136, 0.21 ng for
4–136, 0.22 ng for 5–136, and 0.04 ng for 4,5–136.
Calcium imaging. To measure Ca2+ transients, dissociated
hippocampal neurons (7 DIV) were loaded with 5M Fluo-4
AM (Invitrogen) and imaged as previously described (Wayman
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et al., 2012a). Vehicle, (−)-PCB 136, or (+)-PCB 136 dissolved
in imaging buffer (140mM NaCl, 5mM KCl, 2mM MgCl2,
2mM CaCl2, 10mM HEPES, and 10mM glucose, pH 7.4 sup-
plemented with 0.05% bovine serum albumin) were perfused
on the cells for 10 min. The data were analyzed using origin 8.5
software (OriginLab Corporation, MA). The number of oscil-
lations was counted for each treatment group with oscillations
identified as Ca2+ transients twice the amplitude of the baseline.
Analysis of activity using microelectrode arrays. Dissociated
hippocampal neurons were plated onto microelectrode arrays
(MEAs) with a central 0.88 mm2 recording matrix of 64 multi-
electrodes (Med-P545A, AutoMate Scientific, Berkeley, CA)
that were precoated with poly-L-lysine (0.5 mg/ml, Sigma)
and laminin (10 g/ml, Invitrogen) at a density of 1 × 105
cells/MEA. Cultures were maintained as described above. The
development of spontaneous activity in primary neuronal cell
cultures plated on MEAs is dependent on neuronal cell type,
cell density, and time in culture (Robinette et al., 2011). Pi-
lot studies indicated that under these culture conditions, spon-
taneous activity as detected using MEA technology increased
rapidly between 7–15 DIV and then became relatively stable
between DIV 17–24. Thus, for these studies, spontaneous ac-
tivity was assessed at 21 DIV. At 21 DIV, MEA cultures were
placed into the MED 64CH Integrated Amplifier interface and
spike activity recorded using Mobius software (AutoMate Sci-
entific). Baseline activity was recorded for 10 min at 37◦C. Cul-
tures were then exposed to vehicle by adding 1 l of DMSO
into MEA cultures containing 1 ml of culture medium (final
0.1% DMSO), and activity recorded for 10 min. Cultures were
exposed to either (−)-PCB 136 or (+)-PCB 136 by adding cul-
ture medium containing the PCB 136 atropisomer to the well.
Cultures were sequentially exposed to increasing concentrations
of the same PCB atropisomer and activity recorded for 10 min
following each addition. Using the Spike Sorting and DC fil-
ter applications in Mobius, spikes at least three times baseline
were counted and the spontaneous spike activity reported as the
number of spikes per 10 min recording session (for electrodes
showing activity) and the percent change in the number of ac-
tive electrodes within the MEA (referred to as percent change
in channel activity in figures). Three MEAs from three indepen-
dent dissections were analyzed per PCB treatment.
Statistical analyses. Data are presented as the mean ± SEM.
With the exception of the Ca2+ imaging data (number of oscil-
lations per 10 min), which were analyzed by unpaired Student’s
t-test, all data were analyzed by one-way ANOVA (p < 0.05)
followed by Tukey’s post hoc test.
RESULTS
Effects of PCB136 Atropisomers on Morphometric Parameters
of Neuronal Connectivity
As a first test of the hypothesis that PCB 136 atropselec-
tively influences parameters of neuronal connectivity regulated
by RyR activity (Pessah et al., 2010; Wayman et al., 2012b), we
compared dendritic growth in primary hippocampal cultures ex-
posed to (−)-PCB 136 versus (+)-PCB 136, which have differ-
ential effects on RyR activity (Pessah et al., 2009). To visualize
dendritic arbors of individual neurons in high-density neuron-
glia co-cultures, cultures were transfected with aMAP2B-eGFP
construct under the control of the CAG promoter, which ex-
hibits neuron-specific expression (Wayman et al., 2006). Ex-
pression of MAP2B-eGFP is restricted to the somatodendritic
compartment of cultured hippocampal neurons and does not
alter their intrinsic dendritic growth patterns (Wayman et al.,
2006). Under the culture conditions used for these experiments,
the most rapid expansion of the dendritic arbor occurs between
5–10 DIV (Wayman et al., 2006). Exposure between 7–9 DIV
to (−)-PCB 136, which is a potent RyR sensitizer (Pessah
et al., 2009), significantly increased total dendritic length in hip-
pocampal neurons (Figs. 2A and B). In contrast, exposure to
the same concentration range of (+)-PCB 136, which has negli-
gible activity toward RyRs (Pessah et al., 2009), had no effect
on dendritic growth in sister cultures (Fig. 2C). The dendrite-
promoting activity of (−)-PCB 136 exhibited a non-monotonic
concentration-dependent relationship although the concentra-
tions at which no effects were observed varied between cul-
tures from different dissections. When data from three inde-
pendent dissections were combined, dendritic growth was ob-
served to be significantly enhanced at concentrations ranging
from 0.1 to 100nM but returned to baseline levels at a concen-
tration of 1M (Fig. 2B). However, analysis of data from each
individual dissection indicated that there was no significant in-
crease in dendritic length in neurons exposed to (−)-PCB 136 at
0.1nM in two of three independent dissections; and in one of the
three independent dissections, (−)-PCB 136-enhanced dendritic
length was not statistically significant at 1nM.We did, however,
consistently observe significantly increased dendritic length in
neurons exposed to (−)-PCB 136 at 10nM across all three dis-
sections. The dendrite-promoting activity of (−)-PCB 136 was
suppressed by the RyR antagonist FLA365 (Chiesi et al., 1988;
Mack et al., 1992) (Fig. 2D).
RyRs are expressed in not only dendrites (Seymour-Laurent
and Barish, 1995; Wayman et al., 2012a) but also axons (Hertle
and Yeckel, 2007), and RyR activity has been implicated in
the regulation of axonal growth and guidance (Ooashi et al.,
2005; Welshhans and Rehder, 2007). Thus, we next deter-
mined whether PCB 136 exerts atropselective effects on axonal
growth. It is extremely difficult to delineate the entire axonal
plexus extended by a single neuron in mature (> 3 DIV) cul-
tures because axons continue to elongate over time in culture
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FIG. 2. Chiral PCB 136 atropselectively enhances dendritic growth in cultured hippocampal neurons. Neurons dissociated from P1 rat hippocampi were plated
at high density and transfected at 6 DIV with plasmid encoding MAP2B-eGFP to visualize the dendritic arbors of individual neurons. Beginning on 7 DIV, cultures
were exposed for 48 h to vehicle (DMSO diluted 1:1000 in culture medium), (−)-PCB 136 or (+)-PCB 136 at concentrations ranging from 0.1nM to 1000nM. (A)
Representative photomicrographs of hippocampal neurons at 9 DIV exposed to vehicle (left) or (−)-PCB 136 at 10nM (right); bar = 100M. (B) Quantitative
analysis of dendritic length confirms that (−)-PCB 136, which sensitizes RyR, significantly enhances dendritic growth in hippocampal neurons (cumulative data
from three independent dissections; n ≥ 90 neurons per group). (C) In contrast, (+)-PCB 136, which lacks activity toward RyR, has no effect on dendritic growth.
(D) The dendrite-promoting activity of (−)-PCB 136 is blocked by the specific RyR antagonist FLA365 at 10M (data from one dissection; n > 30 neurons per
group). *Significantly different from vehicle control at p < 0.05, ** p < 0.01, ###Significantly different from -FLA365 at same [PCB] at p < 0.001.
to eventually form an extensive axonal plexus that extends be-
yond a single microscopic field (at ×200) and overlaps signifi-
cantly with that of other transfected neurons in the culture. Thus,
in accordance with standard practices in developmental neuro-
science for morphometric analyses of axonal growth in primary
neuronal cell cultures, we examined the effect of PCB 136 at-
ropisomers on axonal growth during the first 48 h after plating
cells dissociated from P1 rat hippocampi. The axonal plexus
of individual neurons was visualized by transfecting neurons
with plasmids containing cDNA encoding TFP. Expression of
TFP, which is distributed throughout the entire neuron, has been
shown to not interfere with neuronal morphogenesis in primary
cultures of hippocampal neurons (Wayman et al., 2006). Expo-
sure during the first 48 h in vitro to either (+)-PCB 136 or (−)-
PCB 136 at concentrations ranging from 0.1 to 1000nM did not
alter the total length of the axonal arbor per neuron relative to
that observed in vehicle controls (Figs. 3A and B).
It is possible that the differential effects of (−)-PCB 136 on
axonal versus dendritic growth reflect differential susceptibil-
ity of immature (48 h in vitro) versus more mature (> 7 DIV)
hippocampal cell cultures. To address this possibility, we com-
pared the effect of (+)-PCB 136 and (−)-PCB 136 on axonal
outgrowth in hippocampal neurons cultured for the same period
of time as those used for the dendritic growth assays. However,
as indicated above, it is technically challenging to use morpho-
metric analyses to quantify axonal growth in mature neuronal
cell cultures. Therefore, to assess the effect of PCB 136 atropi-
somers on axon outgrowth in mature cultures, we used West-
ern blotting to quantify expression levels of dephosphorylated
tau, a biomarker of axons (Hayashi et al., 2002). This approach
has been used to assess changes in axonal growth both in vivo
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FIG. 3. PCB 136 atropisomers do not alter axonal growth in cultured hippocampal neurons. Neurons dissociated from P1 rat hippocampi were exposed to
purified PCB 136 atropisomers for 48 h beginning 3 h after plating (A, B) or starting at 7 DIV (C-F). To quantify axonal growth 48 h after plating, neurons were
transfected with plasmid encoding TFP 24 h after plating and cultures were imaged by fluorescence microscopy at the end of the 48 h exposure period. Under these
culture conditions, neither (−)-PCB 136 (A) nor (+)-PCB 136 (B) altered axonal growth as indicated by no significant treatment-related effects on axonal length. N
≥ 30 neurons per treatment group from one dissection. (C-F) Western blot analyses of the axonal cytoskeletal protein tau were performed to assess axonal growth
in hippocampal cultures exposed to PCB 136 atropisomers from 7 to 9 DIV. Densitometric analysis revealed no significant differences in tau expression in cultures
exposed to either (−)-PCB 136 (C) or (+)-PCB 136 (D) relative to cultures exposed to vehicle. N = 3 independent cultures. (E, F) Representative blots.
(Viberg, 2009) and in vitro (Chen et al., 2012; Dotti et al., 1987;
Mundy et al., 2008). A 48 h exposure to either PCB 136 atropi-
somer did not significantly alter levels of dephosphorylated tau
at 9 DIV relative to vehicle control cultures (Figs. 3C and D).
The observation that PCB 136 atropisomers either enhance
[(−)-PCB 136] or do not alter [(+)-PCB 136] dendritic growth
at concentrations that have no effect on axonal growth suggests
that the dendrite-promoting activity of (−)-PCB 136 is not a
secondary effect of general cytotoxicity. However, to test this
possibility directly, cell viability was assessed in hippocam-
pal cell cultures exposed to these PCB 136 atropisomers from
7 to 9 DIV. Exposure to (−)-PCB 136 or (+)-PCB 136 over
the same concentration range used for the morphometric assays
(0.1–1000nM) had no effect on the viability of hippocampal cell
cultures relative to control cultures exposed to vehicle alone as
determined by MTT reduction (Figs. 4A and B) or LDH release
(Figs. 4C and D).
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FIG. 4. Concentrations of PCB 136 that alter dendritic growth have no effect on cell viability. Neurons dissociated from P1 rat hippocampi were exposed
to vehicle (DMSO diluted 1:1000 in culture medium), (−)-PCB 136 or (+)-PCB 136 at concentrations ranging from 0.1nM to 1000nM from 7 to 9 DIV. Neither
(+)-PCB 136 (A, C) nor (−)-PCB 136 (B, D) had any significant effect on cell viability as determined by MTT reduction (A, B) or LDH release (C, D). N = 12
cultures per treatment group from three independent dissections.
Quantification of PCB 136 and Hydroxylated Metabolites in
Hippocampal Cell Cultures
To assess if the atropselective effects of PCB 136 atropi-
somers on dendritic arborization were due to atropselective
metabolism (Warner et al., 2009; Wu et al., 2011) or atrops-
elective partitioning into cells, PCB 136 and its hydroxylated
metabolites were quantified in the culture medium and cell pel-
lets. PCB and metabolite levels were measured in cultures from
three independent experiments that were exposed for 48 h to
racemic (±)-PCB 136 or purified PCB 136 atropisomer added
to the culture medium at 100nM (180 ng). Because it is not un-
common for PCBs to be retained on plastic surfaces (Pepe and
Byrne, 1980), we also measured levels of PCB 136 adsorbed to
the plastic cell culture plates.
Approximately 30% of the total PCB 136 added to the exper-
iment was recovered, with 2–3% of the PCB 136 adsorbed to
the plastic plates (Table 1). This observation suggests that, in
agreement with other studies, a large percentage of PCB 136 is
irreversibly bound to plastic surfaces. Approximately 22–26%
(1.8–2.3 ng/mg protein) of the total amount of PCB 136 re-
mained in the medium, independent of whether (±)-, (+)-, or
(−)-PCB 136 was added to the cultures (Fig. 5 and Table 1).
PCB levels associated with the cell pellets ranged from 3.3 to
3.8 ng/mg protein in cultures exposed to (±)-, (+)-, or (−)-
PCB 136, which corresponds to approximately 2% of the total
amount of PCB 136. No hydroxylatedmetabolites were detected
in the medium or the cell pellet.
Because it has previously been reported that the uptake of
PCBs by cells in culture depends on the protein concentration
in the cell culture medium (Mangelsdorf et al., 1987), we also
determined the protein adjusted medium-to-cell ratio, which
ranged from 0.49 to 0.62 (Table 1). The medium-to-cell ratio
of PCB 136 showed no significant difference between cultures
exposed to racemic (±)-PCB 136, purified (+)-PCB 136, or pu-
rified (−)-PCB 136 (Fig. 5 and Table 1). Similarly, the enan-
tiomeric fractions of (±)-PCB 136, a measure of its atropiso-
meric enrichment, were near racemic in both medium and cell
pellets.
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TABLE 1.
Quantification of PCB 136 Atropisomers in Cell Media and Cell Pellets of Hippocampal Neurons Exposed In Vitro to Racemic (±) PCB
136 or Purified PCB 136 Atropisomers at 100nM from 7 to 9 DIV
Compound to which cell cultures were exposed Medium Cells Medium-to-cell ratio
PCB 136 levels [ng in sample]
(±)-PCB 136 42.0 ± 2.7 3.1 ± 0.8 14.0 ± 3.0
(+)-PCB 136 40.6 ± 1.8 3.9 ± 0.3 10.3 ± 0.3
(−)-PCB 136 47.2 ± 3.3 3.6 ± 0.3 13.3 ± 2.2
PCB 136 concentration [ng/mg protein]
(±)-PCB 136 1.9 ± 0.1 3.3 ± 1.2 0.61 ± 0.18
(+)-PCB 136 1.8 ± 0.1 3.6 ± 0.7 0.49 ± 0.07
(−)- PCB 136 2.3 ± 0.2 3.8 ± 0.5 0.63 ± 0.16
FIG. 5. Quantification of PCB 136 in cell media and cell pellets shows
no atropselective partitioning of PCB 136 into cells. Neurons dissociated from
P1 rat hippocampi were exposed to racemic PCB 136 mixture or to purified
(−)-PCB 136 or (+)-PCB 136 atropisomers at 100nM from 7 to 9 DIV. (A) As
determined by gas chromatography, the amount of PCB 136 adsorbed to tissue
culture plastic in the medium and in cell pellet was similar across all PCB 136
treatment groups. (B) Similarly, the ratio of PCB 136 in the medium to the cell
pellet was not significantly different between cultures exposed to different PC
136 treatments. N = 3 independent dissections per treatment group.
Atropselective Effects of PCB136 on Functional Parameters of
Neuronal Connectivity
We previously reported that PCB 95 promotes dendritic
growth in cultured hippocampal neurons by increasing the fre-
quency of intracellular Ca2+ oscillations downstream of RyR
activation (Wayman et al., 2012a). Because the atropselective
effects of PCB 136 on dendritic growth are dependent on RyR
activity (Fig. 2D), we predicted that PCB 136 would exert at-
ropselective effects on neuronal Ca2+ signaling. To test this pre-
diction, we used real-time Ca2+ imaging techniques to exam-
ine Ca2+ oscillatory behavior in neurons. Cultured hippocam-
pal neurons that had not previously been exposed to PCBs were
loaded with the Ca2+-sensitive dye Fluo-4 at 7 DIV immediately
before focal applications of vehicle, (−)-PCB 136 or (+)-PCB
136. Relative to cultures exposed to vehicle, acute application
of (−)-PCB 136 at 200nM, a concentration that promotes robust
dendritic growth (data not shown), significantly increased the
frequency of Ca2+ oscillations in both soma and distal dendrites
of hippocampal neurons (Fig. 6). In contrast, acute exposure to
the same concentration of (+)-PCB 136 had no significant effect
on the frequency of Ca2+ oscillations in either soma or distal
dendrites (Fig. 6).
Next, we tested whether PCB 136 atropisomers atropselec-
tively influence spontaneous electrical spiking activity of hip-
pocampal neurons cultured on MEA probes (Fig. 7A). Sponta-
neous spike (action potential) activity can be detected in these
cultures by 21 DIV as illustrated by spike trains collected from
21 DIV cultures exposed to vehicle (Fig. 7B). Acute sequen-
tial exposure to increasing concentrations of (−)-PCB 136 at 10
min intervals significantly increased the number of spontaneous
spikes, whereas exposure to the same concentrations of (+)-PCB
136 did not alter spike activity relative to vehicle controls (Figs.
7B–D). Although increased spike activity was observed at con-
centrations of (−)-PCB 136≥ 2nM, post hoc analyses indicated
that statistically significant increases in spike activity occurred
at (−)-PCB 136 concentrations of 20 and 2000nM (Figs. 7B–
D).
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FIG. 6. Acute exposure to (−)-PCB 136 but not (+)-PCB 136 increases the frequency of Ca2+ oscillations. Primary dissociated rat hippocampal neurons (7
DIV) were loaded with Fluo-4. After establishing the baseline, cells were perfused with imaging buffer containing either (−)-PCB 136 or (+)-PCB 136 (200nM) or
an equivalent volume of DMSO (vehicle control). (A) Representative Ca2+ oscillations acquired from the soma and distal dendrites of neurons exposed to vehicle
or purified PCB 136 atropisomers. (B) Quantification of the frequency of spontaneous Ca2+ transients ≥ 2 times the mean normalized baseline fluorescence in the
soma and distal dendrites. N = 10–12 neurons per treatment group from two independent cultures; ***significantly different from vehicle control at p < 0.001.
DISCUSSION
We previously reported that PCB 95, a chiral congener,
promotes dendritic growth in hippocampal neurons via RyR-
dependent stimulation of Ca2+ signaling pathways (Wayman
et al., 2012a,b). Here, we demonstrate that these effects can be
generalized to another chiral congener, PCB 136. More impor-
tantly, we provide the first evidence of an atropselective effect
of an environmentally relevant PCB on specific neurodevelop-
mental endpoints of relevance to human health (Stamou et al.,
2013). Specifically, we demonstrate that (−)-PCB 136, but not
(+)-PCB 136, enhances dendritic arborization in cultured hip-
pocampal neurons. As observedwith racemic PCB 95 (Wayman
et al., 2012b), the dendrite-promoting activity of (−)-PCB 136
exhibits a non-monotonic concentration-response relationship.
This does not reflect cytotoxicity at higher concentrations be-
cause (−)-PCB 136 did not alter MTT reduction or LDH release
at any of the concentrations used in the dendritic assays. MTT
reduction or LDH release were also not affected by similar con-
centrations of (+)-PCB 136, indicating that general cytotoxicity
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FIG. 7. PCB 136 atropselectively enhances spontaneous activity in hippocampal neurons cultured on microelectrode arrays (MEAs). Neurons dissociated
from P1 rat hippocampi were plated on MEAs precoated with poly-L-lysine and laminin. Activity was recorded in 21 DIV cultures acutely exposed sequentially
to vehicle (DMSO) and increasing concentrations of one of the PCB 136 atropisomers. (A) Representative photomicrograph of a 21 DIV hippocampal culture
illustrating the distribution of neuronal cell bodies and neurites in relationship to the electrodes (solid black circles). (B) Representative spike trains over a 6-s
period in neurons exposed acutely to (−)-PCB 136 or (+)-PCB 136. (C) Representative trace of spontaneous activity in cultured neurons exposed to vehicle or
(−)-PCB 136 over a 5 ms period. Signals that exceeded a threshold of±15 V (solid line) were scored as a spike. (D) Analysis of spike activity of active electrodes
indicates that (−)-PCB 136 but not (+)-PCB 136 increases spontaneous spike activity in a concentration-dependent manner. Each electrode is normalized to its
own baseline. N = 3 arrays per treatment group from three independent dissections. **Statistically different from baseline at p < 0.01; *** p < 0.001 (ANOVA
with post hoc Tukey’s test). (D) Whisker plots illustrating the percent change in the number of active electrodes within the MEA (e.g., channel activity) in response
to vehicle or varying concentrations of (−)-PCB 136 (left panel) or (+)-PCB 136 (right panel). The horizontal line within each treatment represents the mean value
at each PCB 136 concentration. ###Statistically different from baseline at p < 0.001.
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is not the reason for the lack of a dendritic response to this at-
ropisomer.
Three lines of evidence indicate that the atropselective effects
of PCB 136 on dendritic arborization are mediated by atrops-
elective interactions with RyRs. First, the dendrite-promoting
activity of PCB 136 exhibits the same atropisomeric specificity
as its effects on RyR activity (Pessah et al., 2009). Second, (−)-
PCB 136-induced dendritic growth is blocked by pharmacolog-
ical blockade of RyR activity with FLA 365 (Chiesi et al., 1988;
Mack et al., 1992). Third, we previously demonstrated that PCB
95 promotes dendritic growth via RyR-dependent increases in
spontaneous Ca2+ oscillations (Wayman et al., 2012a,b). Here,
we show that (−)-PCB 136, but not (+)-PCB 136, increases
spontaneous Ca2+ oscillations in the soma and dendrites of hip-
pocampal neurons. Collectively, these data support a model in
which atropselective interactions of PCB 136 with RyR trans-
late into atropselective activation of Ca2+-dependent mecha-
nisms of dendritic growth.
PCB 136 also atropselectively increased neuronal activity in
hippocampal neurons. This is consistent with evidence that RyR
activity influences neuronal excitability (Pessah et al., 2010),
and indicates that chiral PCBs influence not only morphome-
tric but also functional parameters of neuronal connectivity
via atropselective interactions with RyRs. The concentration-
response relationship of (−)-PCB 136 effects on neuronal activ-
ity differs from that of its effects on dendritic arborization, sug-
gesting dissociation between these two effects. However, this
interpretation is complicated by differences between assays of
these endpoints with respect to length of exposure and age of the
cultures at the time of exposure. Dendritic growth was studied
in cultures exposed to PCB 136 atropisomers for 48 h starting
on DIV 7, whereas neuronal activity studies were performed us-
ing 21 DIV cultures exposed acutely to PCB 136 atropisomers.
Whether these two effects of (−)-PCB 136 are causally linked
remains to be established but is suggested by extensive literature
linking neuronal activity to changes in dendritic arborization
(Cline, 2001). PCBs have been reported to modulate other re-
ceptors and ion channels that influence neuronal activity, specif-
ically the GABAA receptor and nicotinic acetylcholine recep-
tors (Fernandes et al., 2010; Hendriks et al., 2010), suggesting
that RyR-independent mechanisms may also contribute to the
effects of (−)-PCB 136 on neuronal activity. Thus, in a het-
erologous Xenopus oocyte expression system, NDL PCBs act
as full or partial agonists of the GABAA receptor and as antag-
onists of the 42 nicotinic acetylcholine receptor (Fernandes
et al., 2010; Hendriks et al., 2010). Whether NDL PCBs simi-
larly modulate native GABAA and nicotinic acetylcholine re-
ceptors in neurons has yet to be established, but even if this
proves to be the case, it is not clear how these effects would
contribute to the increased spike activity observed in neurons
exposed to (−)-PCB 136 because activation of GABAA recep-
tors and/or inhibition of nicotinic acetylcholine receptors would
be expected to dampen neuronal excitability.
The finding that PCB 136 effects on dendritic growth, sponta-
neous Ca2+ oscillations, and neuronal activity exhibit the same
atropisomeric specificity as its effects on RyR activity iden-
tify RyRs as primary molecular targets in the adverse outcome
pathway of chiral PCB developmental neurotoxicity. This also
suggests that parameters of neuronal form and function influ-
enced by RyR activity are likely to be modulated by RyR-active
PCBs. Thus, it was surprising that (−)-PCB 136 had no effect
on axonal growth because RyR activity has been implicated in
controlling axonal growth and guidance (Ooashi et al., 2005;
Welshhans and Rehder, 2007). Differential RyR expression pro-
files between neuronal cell types may explain this apparent dis-
crepancy. Although all three RyR isoforms are expressed in the
brain, they are differentially distributed among specific brain
regions, cell types, and cellular regions, reflecting their partici-
pation in specialized functions (Pessah et al., 2010). Of the two
studies reporting a role for RyR in axonal growth, one did not
identify the RyR isoform(s) mediating nitric oxide effects on ax-
onal growth inHeliosoma BV neurons (Welshhans and Rehder,
2007); but the other identified RyR3 as the isoform mediating
the influence of cell adhesion molecules on axonal growth in
rat dorsal root ganglion neurons (Ooashi et al., 2005). RyR3 is
expressed at low levels in the developing hippocampus (Pessah
et al., 2010), but we were not able to detect RyR3 in our hip-
pocampal cultures byWestern blotting (Wayman et al., 2012b).
This suggests that the reason (−)-PCB 136 had no effect on ax-
onal growth in our cultures is because the neurons do not express
RyR3. Thus, neurodevelopmental outcome following exposure
to RyR-active PCBs will likely depend in part on the RyR ex-
pression profile of the exposed cell.
Another mechanism potentially contributing to the atropse-
lective developmental neurotoxicity of PCB 136 is atropselec-
tive metabolism and/or cellular uptake. PCB 136 can be metab-
olized atropselectively to hydroxylated metabolites by hepatic
cytochrome P450 (CYP) 2B enzymes, such as CYP 2B1 (Waller
et al., 1999; Warner et al., 2009; Wu et al., 2011), and these
metabolites can be equally or more potent than the parent com-
pound with respect to RyR sensitization (Niknam et al., 2013).
PCB 136 has been detected in brain tissue (Kania-Korwel et al.,
2010), and CYP 2B1 is active in rat brain (Miksys and Tyndale,
2009). However, we did not detect hydroxylated metabolites in
cell pellets or media from hippocampal cell cultures exposed to
racemic PCB 136 or purified atropisomers, which is consistent
with previous studies in hippocampal slice cultures (Wu et al.,
2013). It is unknown if this is because our cultures cannot me-
tabolize PCB 136 under the culture conditions used for these
studies or if the levels of hydroxylated metabolites were be-
low the detection limit (0.04–0.22 ng) of our analytical method
(GC-ECD). In support of the latter, the activity of rat CYP 2B1
in microsomes derived from the hippocampus, while compara-
ble to the whole brain, is about 20 times lower than CYP 2B1
activity in liver microsomes (Dhawan et al., 1999). Although
the influence of atropselective metabolism in the brain on the
developmental neurotoxicity of chiral PCBs remains unknown,
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our findings suggest that atropselective metabolism is not a sig-
nificant mechanism contributing to the atropselective effects of
PCB 136 in cultured hippocampal neurons.
We also ruled out atropselective cellular uptake as contribut-
ing to atropselective effects of PCB 136 in vitro. Quantifica-
tion of the parent congener in hippocampal cell cultures exposed
from 7–9 DIV to racemic PCB or purified atropisomers showed
that the medium-to-cell ratio of PCB 136 did not differ signif-
icantly between treatment groups. Similarly, the enantiomeric
fractions of (±)-PCB 136 in medium and cell pellets were near
racemic. Collectively, these observations indicate that the par-
titioning of PCB 136 atropisomers between medium and cells
is not atropselective. Our analysis also revealed that the largest
percentage of PCB 136 remained in the cell culture medium as
indicated by a medium-to-cell ratio of 5.4 ± 1.4. However, the
protein adjusted medium-to-cell ratio ranged from 0.49 to 0.62,
indicating a preferential partitioning of PCB 136 atropisomers
into the cells under the conditions employed in our study. Aver-
age PCB 136 levels in hippocampal cells were 9.4± 2.0 ng PCB
136 per 106 cells, which is approximately 2% of PCB added to
the cultures. This is in marked contrast to previous reports of
intracellular levels of PCBs 5–40-fold greater than the original
solution in primary hippocampal slice cultures or dissociated
cultures of rat cortical neurons (Meacham et al., 2005; Mundy
et al., 2004). However, our findings are consistent with other
cell culture studies that report only a small percentage (1.5–
35%) of the PCBs added to media associated with the cell pellet
(Byrne and Pepe, 1981; Mangelsdorf et al., 1987; Shain et al.,
1991). The reason for the discrepancies between these studies
is unknown but likely reflects differences in cell types, culture
conditions and method of detection.
Although we did not observe atropselective uptake of PCB
136 into cultured hippocampal neurons, emerging evidence sug-
gests significant potential for atropisomeric enrichment of PCBs
in some individuals and/or human populations (Lehmler et al.,
2010). Our experimental evidence that PCB 136 atropselec-
tively modulates critical neurodevelopmental processes sug-
gests that variable atropisomeric enrichment influences risk for
adverse neurodevelopmental outcomes following PCB expo-
sure. The public health relevance of this risk is underscored by
data documenting significant human exposure to chiral PCBs
(Lehmler et al., 2010; Marek et al., 2013; Megson et al., 2013;
Thompson and Boekelheide, 2013), and by our observation that
the concentration range over which (−)-PCB 136 altered den-
dritic growth corresponds to 0.04–36 ng/g, which is compara-
ble to the levels of chiral PCBs reported in human blood (0.03–
98 ng/g) (Bi et al., 2007; Bloom et al., 2005; DeCaprio et al.,
2005; Gerstenberger et al., 2000; Jursa et al., 2006; Park et al.,
2007; Schaeffer et al., 2006; Schell et al., 2003; Turci et al.,
2006). Given that atropisomeric enrichment of chiral PCBs
likely results from atropselective metabolism by cytochrome
P450s (Warner et al., 2009; Wu et al., 2011), our findings sug-
gest that not only RyR polymorphisms (Pessah et al., 2010) but
also cytochrome P450 polymorphisms may be important ge-
netic susceptibility factors influencing PCB developmental neu-
rotoxicity.
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